The calcium-activated chloride channel anoctamin-2 (Ano2) is thought to amplify transduction 38 currents in ORNs, a hypothesis supported by previous studies in dissociated neurons from 39 Ano2 -/mice. Paradoxically, despite a reduction in transduction currents in Ano2 -/-ORNs, their 40 spike output for odor stimuli may be higher. We examined the role of Ano2 in ORNs in their 41 native environment in freely breathing mice by imaging activity in ORN axons as they arrive in 42 the olfactory bulb glomeruli. Odor-evoked responses in ORN axons of Ano2 -/mice were 43 consistently larger for a variety of odorants and concentrations. In an open arena, Ano2 -/mice 44 took longer to approach a localized odor source than wild-type mice, revealing clear olfactory 45 behavioral deficits. Our studies provide the first in vivo evidence toward an alternative role for 46 Ano2 in the olfactory transduction cascade, where it may serve as a feedback mechanism to 47 clamp ORN spike output.
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We compared the total number of glomeruli at each bulb that responded to each odor in our 137 panel for WT and KO mice. We used receiver operating characteristic (ROC) analysis to 138 determine a threshold to define responsive glomeruli, by comparing the response distribution 139 obtained from all glomerulus-odor pairs to a noise distribution obtained from interleaved blank 140 odor trials in each experiment (threshold = 0.005 ∆F/F). There was no significant difference 141 between the number of active glomeruli per OB in WT and KO mice for any of the odors ( Figure   142 1B; p > 0.05, Wilcoxon rank-sum test with Bonferroni multiple comparison correction).
144
Although our experiments were not designed to identify specific glomeruli, we can nevertheless 145 discount large scale glomerular duplication in Ano2 KO animals, for example due to a loss of 146 targeting specificity and mixing of ORN axons within individual glomeruli 28 . We also cannot 147 discount small-scale redistribution of glomerular positioning, which is unlikely to exceed 148 expected animal-to-animal variance described previously in control mice 26, 28 We next asked whether odor-evoked responses in individual glomeruli were altered in either 155 magnitude or duration in KO mice. From six WT mice (n = 9 bulbs) and three KO mice (n = 5 156 bulbs), we identified 34.44 ± 3.48 and 43.60 ± 3.93 glomeruli per bulb, respectively (299 total 6 larger odor responses in KO animals were due to scaling up, rather than a temporal 171 redistribution, of spikes in ORNs. We also used principal component analysis (PCA) to compare 172 the response time course of each group (Supplemental Figure 1 ) and found no significant 173 differences in the Ca 2+ responses of WT and KO animals.
175
Our data provide evidence that loss of Ano2 results in enhanced ORN input to OB glomeruli 176 without impacting the overall response time course or duration. We also observed that the 177 number of glomeruli responding to an odor was similar in WT and KO animals. These results 178 are consistent with a scaling mechanism, where Ano2 may function as a negative feedback on 179 ORN excitability and limit the number of action potentials generated in response to odor 
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Robust respiration signals could be recorded in anesthetized mice (n = 6 WT, 7 KO, 3 196 C57BL/6J; Figure 3A for example traces). We included C57BL/6J animals in our comparison to 197 rule out any genetic background effects 34 . Despite slight animal-to-animal variability, we found 198 that across all groups, there was no statistical difference in the overall respiration frequency 199 (mean frequency: 1.60 ± 0.17Hz WT, 1.86 ± 0.23Hz KO, 1.77 ± 0.19Hz C57BL/6J, p = 0.71
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Kruskal-Wallis test; Figure 3C ). The small, statistically insignificant increase in respiration rate 201 we observed in KO mice (16.3% increase) is insufficient to account for the larger Ca 2+ 202 responses obtained in our previous imaging experiments (p < 0.001, Kolmogorov-Smirnov test).
204 7
We conclude that anesthetized KO animals do not breathe with increased frequency and that 205 the larger Ca 2+ signals we observed are not due to enhanced respiration rate.
207
Multiphoton imaging in Ano2-null mice 208 209 Due to the low resting fluorescence of GCaMP3 we were unable to identify glomeruli that did not 210 respond to at least one of the seven odors in our panel using an epifluorescence microscope.
211
We used multiphoton microscopy to overcome this limitation and were able to visualize all 212 glomeruli, independent of their responsiveness ( Figure 4A ). We also expanded our odor panel 213 size to 15 odors to activate a wider range of glomeruli. The optical sectioning facilitated by 214 multiphoton microscopy also allowed us to exclude any effects arising from the activity of en 215 passant axons that could be detected using our epifluorescence setup. For example, strongly 216 excited ORNs passing over an otherwise inactive glomerulus will give the appearance of Ca 2+ 217 activity at the glomerulus below.
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Across 162 WT and 161 KO glomeruli from five animals each, we found that ORNs in KO 220 animals responded with significantly larger Ca 2+ transients, whether comparing individual 221 glomerulus-odor pairs (n = 2430 WT and 2415 KO glomerulus-odor pairs, p < 0.001,
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Kolmogorov-Smirnov test; Figure 4D ), or mean response across all odors (n = 162 WT and 161 223 KO glomeruli, p < 0.001, Kolmogorov-Smirnov test; Figure 4E ). The 50 largest overall 224 responses for each group are displayed in Figure 4B 
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We next compared sparsity of glomerular responses. First, we calculated the population 232 sparseness (see Methods) to compare the fraction of activated glomeruli across all animals for 233 each odor. We found that a larger fraction of glomeruli responded in KO animals (population 234 sparseness measure: 0.09 ± 0.02 in WT and 0.13 ± 0.02 in KO, p = 0.002, Wilcoxon sign-rank 235 test, Figure 4G ). When we compared lifetime sparseness, which quantifies the extent to which a 236 given glomerulus responds to different odor stimuli, we found no difference (lifetime sparseness 237 measure: 0.28 ± 0.01 in WT and 0.28 ± 0.01 in KO, p = 0.89, Wilcoxon rank-sum test, Figure   238 8 4I). Together these results indicate that ORNs in KO animals are indeed more sensitive to odor 239 stimulation, but the breadth of their odor tuning is unchanged. Furthermore, the fact that we 240 observed no difference in odor tuning further argues against the possibility that glomeruli in KO 241 animals receive heterogeneous innervation from multiple ORN subtypes. We also found no 242 evidence for heterogeneous responses within individual glomerular regions of interest.
244
ORNs are more strongly excited by odors across a range of concentrations 245 246
What accounts for the larger fraction of activated glomeruli in KO animals? One possibility is 247 that the signal-to-noise ratio afforded by multiphoton microscopy allowed us to identify weak 248 responses arising from odor-receptor binding in KO animals that are sub-threshold for Ca 2+ 249 signal generation in WT animals. Conversely, given our previous results, another explanation for 250 the increased Ca 2+ signal magnitude in KO mice is that in response to high odor concentrations,
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ORNs are able to maintain firing due to a reduction in depolarization induced Na + inactivation 252 driven by the amplifying current through Ano2. However, at low odor concentrations, ORNs in 253 KO animals may have weaker responses than ORNs in WT animals, since it has been shown 254 that current amplification through Ano2 is most potent close to detection threshold (Li et al.,
255
unpublished). We next investigated whether ORNs in KO animals are more responsive to odors 256 at different concentrations.
258
We used air dilution to alter odor concentration over four orders of magnitude for two odors, 
265
However, somewhat surprisingly, at low concentrations our analysis revealed no pair-wise 266 differences. We were unable to compare the response amplitude of ORNs at their individual 267 detection thresholds due to an inability to identify specific subtypes of ORNs (expressing a 268 particular odorant receptor) across animals. We also note that Ca 2+ signals in ORN axons report 269 spike output rather than transduction current amplitudes. Our results thereby indicate that while 270 Ano2 may play a role in shunting ORN excitation following strong odor stimulation, it does not 271 limit ORN activity following weak odor input. studies provide evidence that Ano2-null mice exhibit a greater latency to uncover a hidden food-277 object 9,10 , while another study was unable to find any difference in odor detection and 278 discrimination using a learned behavior 8 . We decided to study innate odor-driven investigation 279 to assess whether KO animals displayed any sensory deficit independent of learned behavior.
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We investigated the latency to explore odors as an indicator of how easily mice can detect 282 odors 9,10 . To minimize experimenter-induced biases, our automated experimental apparatus 283 consisted of a 56 cm diameter circular arena with four air inlets equally spaced around its 284 circumference, as well as a vacuum in its center to balance air inflow and outflow. Under 285 infrared illumination, mice were allowed to explore the arena space for 10 minutes, after which 286 odorized air was delivered through one of the inlets. We then measured the latency of each 287 animal to investigate the odor source as determined by the animal approaching the odorized air 288 inlet within 1cm.
290
We used the known appetitive odor peanut oil 35 diluted to the same concentration as we used in 291 our imaging experiments (1% in mineral oil). Consistent with previous reports 9,10 , across 8 WT 292 and 11 KO animals, we found that KO animals required significantly more time to locate the 293 odor source ( Figure 6A , p = 0.003, Wilcoxon rank-sum test). Because the odor onset occurred 294 independently of the animal location in the arena, we calculated the initial starting distance from 295 the odor source and observed no differences in their mean positions ( Figure 6B , p > 0.05,
296
Wilcoxon rank-sum test). At the same time, we observed no differences in the locomotor activity 
325
A second factor that might affect the data on glomerular imaging is the respiration rate. Faster 326 respiration may lead to larger Ca 2+ signals because of slow time course of axonal Ca 2+ as well 327 as indicator kinetics. Direct measurement of respiration, however, dispelled this concern -we 328 found no significant change in respiration rate in Ano2 KO animals. On a methodological note,
329
we also demonstrated that an externally-placed, non-invasive thermocouple is a reliable method 330 to record and measure breathing responses in anesthetized mice. While this method could be 331 valuable for experiments in anesthetized animals, we note that it rapidly loses fidelity when 332 breathing rate increases, as in awake animals ( Supplementary Figure 2E,F) .
334
Larger odor-evoked responses in KO mice 335 336
The major finding of our study is that the magnitude of the ORN Ca 2+ responses following odor 337 stimulation was larger in KO animals, with no observable change in the overall response 338 duration. This was confirmed in two different modes of imaging -widefield microscopy that 339 allowed larger regions to be imaged at lower resolution, and multiphoton microscopy that 358 however, to date there is no reliable method available for such an approach.
360
Another key result is that responses saturated at lower amplitudes in WT than in KO glomeruli,
361
suggesting that the presence of Ano2 had a "clamping" effect, and its absence loosens the 362 clamp to allow greater activity. Our findings and work of others 9 , suggest that in a high odor 363 concentration regime, Ano2 may function as a feedback mechanism to limit the number of 364 spikes generated by ORNs following odor stimulation. The proposed mechanism of action 365 operates through a potent depolarization-induced inactivation of Na + channels following Our data suggests that currents through Ano2 may serve as a negative feedback mechanism to 396 prevent excessive activation at higher concentrations. It remains possible that at low to 397 moderate concentrations, Ano2 may act to amplify sensory signals and affect activity in ways 398 undetected by our measurements. For instance, the latency to first spike (from the onset of 
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In vivo imaging 463 Surgery: Adult mice were anesthetized with an intraperitoneal injection ketamine and xylazine 464 (100 and 10 mg/kg, respectively) and eyes were covered with petroleum jelly. The scalp was 465 shaved and opened. After thorough cleaning and drying, the exposed skull was gently scratched 466 with a blade, and a titanium custom-made headplate was glued on the scratches. The cranial 467 bones over the OBs were then removed using a 3 mm diameter biopsy punch (Integra Miltex).
468
The surface of the brain was cleared of debris and a glass coverslip was glued into the vacated 469 cavity in the skull. Dental cement (Jet Repair, Lang Dental) was used to cover the headplate 470 and form a well around the cranial window. Mice were allowed to recover for at least three days.
471
Prior to each imaging session, animals were anesthetized with a mixture of ketamine and 472 xylazine (90% of dose used for surgery) and body temperature was maintained at 37°C by a 
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Respiration measurements 532 Surgery: Animals were anesthetized with ketamine/xylazine as described above and a head 533 plate was implanted in the skull as described previously in this article. For some mice, a small 534 craniotomy was also made through the right nasal bone (1 mm anterior from the frontal/nasal 535 fissure, 1mm lateral from the midline), and a hollow cannula (#C313G; Plastics One Inc.) was 536 lowered into the hole and glued to the skull. Finally, the whole exposed skull was covered with 537 dental cement (Jet Repair, Lang Dental). The mice were given a week after the surgery to 538 recover before any experiment was performed.
540
Respiration monitoring: Two strategies were used to monitor the breathing: measuring the 541 intranasal pressure through an implanted cannula 50,51 , and measuring the temperature in front of 542 the nose 52 . For the intranasal pressure strategy, mice previously implanted with a cannula were head-fixed.
545
Then, the cannula was connected to a pressure sensor (24PCEFJ6G; Honeywell International) 546 through a piece of polyethylene tubing. The voltage signal generated by the sensor was 547 amplified 1000x, low-pass filtered at 60Hz, and digitized at 1000Hz using custom software 548 written in Labview.
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For the temperature measurement, mice were head-fixed, and a thermocouple (5TC-TT-JI-40- 
